There are many methods for introducing random mutations into nucleic acid sequences. Previously, we described a suite of programmes for estimating the completeness and diversity of randomized DNA libraries generated by a number of these protocols. Our programmes suggested some empirical guidelines for library design; however, no information was provided regarding library diversity at the protein (rather than DNA) level. We have now updated our web server, enabling analysis of translated libraries constructed by site-saturation mutagenesis and error
INTRODUCTION
In the past 15 years, directed evolution has developed into a broadly applicable strategy for generating new biomolecules with desirable properties, for probing protein structure and function, and for addressing fundamental questions in molecular evolution. In this approach, random mutagenesis is used to produce a large and diverse library of nucleic acid sequences, which is subsequently interrogated for rare, improved variants. Myriad protocols have been developed to produce the necessary molecular diversity (1) (2) (3) . However, our ability to generate and screen randomized libraries is dwarfed by the amount of molecular diversity contained in protein sequence space. Even for a small, 100-residue protein, there are more potential amino acid sequences than there are atoms in the observable Universe (4) .
Increasingly, it is recognized that high-quality libraries are critical to the success of directed evolution experiments (5, 6) . Previously, we argued that the likelihood of finding a variant with a desired function in a randomized library is maximized when the library is maximally diverse (7) . To the experimentalist, this corresponds to a library containing as few redundant sequences (including copies of the unmutated parental gene) and as many full-length sequences (lacking premature termination codons) as possible. To aid in the design of maximally diverse libraries, we developed a suite of user-friendly programmes for estimating the completeness and diversity that they contain (4, 8) . These programmes were limited to estimating library diversity at the nucleic acid level, and provided no explicit information regarding the translated products of the randomized genes. In this article, we describe an expanded web server, which enables the analysis of protein diversity in randomized libraries that have been generated by site-saturation mutagenesis and error-prone PCR (epPCR). The nucleotide programmes GLUE (for randomization techniques where all DNA sequence variants are equally likely), PEDEL (Programme for Estimating Diversity in Error-prone PCR Libraries) and DRIVeR (Diversity Resulting from In Vitro Recombination) are still maintained on the website, and have been described previously (4, 8) .
an equal probability of occurring in a library. The most commonly used example is site-saturation mutagenesis (also referred to as oligonucleotide-directed randomization), in which randomized bases are incorporated into one or more of the primers in a PCR, allowing the generation of diversity at specific sites in an amplified gene. Other techniques that result in equally probable daughter variants (at the DNA level) include MAX randomization (9) and versions of DNA shuffling that utilize designed oligonucleotides (10) (11) (12) . GLUE is also a useful estimator of the diversity in libraries generated by incremental truncation strategies, such as Expression of Soluble Proteins by Random Incremental Truncation (ESPRIT) (13) , in which variants are close to being equally probable (14) .
We now introduce GLUE-Including Translation (GLUE-IT), which outputs the expected amino acid level diversity in any site-saturation mutagenesis library with up to six variable codons. The user specifies the fully or partly randomized scheme used for each of the variable codons, and the size of the library that they have constructed (or, more often, the number of clones that they plan to screen).
We provide two tools (CodonCalculator and AA-Calculator) to assist in choosing an appropriate randomization scheme for library construction. On specifying a fully or partly randomized codon, XYZ, CodonCalculator will output the possible amino acid variants and the number of times that each is encoded. AA-Calculator performs the opposite function: the user can specify a desired set of amino acids, and AA-Calculator will find the degenerate codon(s) that are optimal for encoding them. Up to 50 degenerate codons are listed, ranked according to the fraction of the XYZ-specified codons that code for the desired amino acids. AA-Calculator therefore offers a user-friendly alternative to downloading and executing the LibDesign algorithm (15) , and provides users with a replacement for the Combinatorial Codons programme (16) , which (as far as we are aware) is no longer available online.
On entering the randomization scheme and library size, GLUE-IT will output a summary of statistics, including the number of possible DNA and amino acid variants that are encoded by each randomized codon and the total number of possible amino acid variants in the library. The probability of a particular variant v i being present in the library is 1
, where p i is the probability of any particular variant in the library being v i , and L is the library size. In the case of six fully randomized (NNN) codons, there are 20 6 = 6.4 Â 10 7 possible variants. To quickly calculate the expected number of distinct variants in the library, C ¼ P
variants are grouped according to the number of ways in which they can be encoded. Each individual amino acid can be encoded by between one and six equiprobable codons, so for six randomized codons there are at most just 6 6 = 46 656 different p i values to calculate. For convenience, variants that encode stop codons are assumed to be non-functional and are omitted from the final total, C.
Consider an example in which two libraries are constructed, each containing two codons that have been targeted for randomization. This is the starting point for the Combinatorial Active site Saturation Test (CASTing), in which small, focussed libraries are produced by randomizing several sets of 2-3 amino acid positions around an enzyme active site (5, (17) (18) (19) (20) . In our example, suppose that the first library contains one codon randomized according to the NNK scheme Suppose that the second library is constructed using an NNB codon (B = G/T/C) and an NAY codon (Y = T/C). This library is equally diverse at the DNA level (48 Â 8 = 384 variants), but less diverse when it is translated (20 Â 4 = 80 amino acid variants). Because the number of DNA variants is the same in each of the two libraries, GLUE treats each library identically. The output suggests that approximately 1500 clones from each library should be screened, to ensure 98% coverage (Table 1) . By considering amino acid diversity, GLUE-IT paints a rather different picture. Now it becomes clear that a much smaller screening effort would be justified for the NNB + NAY library: sampling just 500 clones would ensure that 98% of the translated library had been interrogated. GLUE-IT also calculates the probability that a given library contains all possible amino acid variants, which is a related but distinct statistic (4) . Using this, it is possible to determine empirically the number of clones to screen in order to achieve a fixed probability of sampling all variants. For example, approximately 1150 clones from the NNB + NAY library should be screened to give a 95% chance that every possible sequence variant is sampled at least once.
PEDEL AND THE PCR DISTRIBUTION
While there is a growing emphasis on targeting diversity in well-sampled, focussed libraries (5,6), epPCR remains a common means of generating random diversity at any position in a gene. Indeed, a number of commercial vendors now sell epPCR kits, usually designed to overcome the well-documented biases in nucleotide misincorporation by Taq polymerase (21) . In epPCR, the potential for generating mutations at any position in a gene ensures that the number of possible variants is usually much larger than that which can be screened experimentally. Therefore, it becomes more informative to assess the number of distinct sequences that are present in the library. This is in contrast to site-saturation mutagenesis, where GLUE-IT can inform strategies for sampling all or most of the possible sequence variants.
Previously, we described PEDEL, which calculates the expected number of distinct DNA variants in an epPCR library, given the library size, the mean mutation rate and the length of the template sequence (4, 8) . The underlying algorithm divides the library into sub-libraries, each of which contains variants with exactly x mutations. The completeness and diversity of each sub-library is analyzed separately. The original implementation of PEDEL assumed that the number of mutations per daughter sequence (estimated by sequencing a handful of library members) follows a Poisson distribution. The web server now also includes the option to use the 'PCR distribution' (22) , which is the preferred option provided the appropriate data from the epPCR are known. In addition to the mean mutation rate, calculations using the PCR distribution require the user to input the number of PCR thermal cycles, n, and also the PCR efficiency (i.e. the probability that any particular sequence is duplicated in a given PCR cycle; eff). In turn, estimating eff requires the experimentalist to note the initial amount of template DNA and the final yield of PCR product, so that the number of doublings in the PCR, d, can be calculated:
The PCR efficiency is then given by:
For convenience, we have included a tool for calculating eff, given d and n.
PEDEL-AA
As with site-saturation mutagenesis, it is ultimately more useful to estimate the protein sequence diversity in an epPCR library, rather than the DNA sequence diversity. Addressing this problem is not trivial, as the degeneracy of the genetic code ensures that amino acid sequence variants are not equiprobable. Many substitutions are translationally silent, and >1 substitution in a single codon is rare in epPCR, reducing the number of accessible amino acid variants.
Assessing the protein-level diversity in an epPCR library therefore requires consideration of the template sequence, the overall (DNA) mutation rate, the total size of the library and the nucleotide mutation matrix. This final parameter is an estimate of the relative frequencies of all 12 possible point mutations. It can be estimated from previous libraries [such as the one described by Shafikhani et al. (21) ] or, for greater accuracy, it can be obtained by sequencing randomly chosen members of one's own library. Volles and Lansbury (23) previously described a Monte Carlo simulation programme that uses these inputs to randomly simulate every individual sequence in a library, and also produce some analytic statistics. While this powerful approach allows a variety of library statistics to be estimated, it is CPU-intensive. The programme also requires downloading and the correct formatting of input files. Therefore, we have developed and added to our web server an amino acid version of PEDEL (PEDEL-AA) that combines the sub-library analyses of PEDEL with these new inputs to determine protein sequence diversity.
A very brief description of the PEDEL-AA algorithm follows; further details are given in the notes on the website. The number of nucleotide substitutions per variant is assumed to follow the PCR distribution P(x nt ). The distribution of truncated variants is then calculated and subtracted from P(x nt ). Next, P(x nt ) is converted to the amino acid distribution, P(x aa ), by assuming that, for each x nt , the number of non-synonymous amino acid substitutions resulting from exactly x nt nucleotide substitutions follows a binomial distribution, B(x nt ,f), where f is the mean number of non-synonymous amino acid substitutions per nucleotide substitution.
The input library is conceptually divided into sublibraries L x (x = 0, 1, 2, . . .) where the sub-library L x comprises all variants in the library with exactly x amino acid substitutions. The total number of possible variants with exactly x amino acid substitutions is represented by V x . We use two estimates for V x -viz: V x1 and V x2 . V x1 is an estimate of the number of 'easy-toreach' variants; that is, those variants where each substituted amino acid is accessible by just a single nucleotide substitution in the respective codon. V x2 is the total number of variants with exactly x amino acid substitutions. Although most variants in a sub-library will be of type V x1 , variants of type V x2 may contribute significantly to the total number of distinct variants, C x , when the sub-library size L x is large compared with the number of variants V x1 .
When
nearly all variants in L x are distinct). For PEDEL-AA, we use this approximation when L x < 0.1 Â V x1 . This is usually the case for x ! 3 and almost always the case for x ! 4. For x = 0, 1 and 2, we calculate the expected number of distinct variants, C x , analytically. In the rare cases where the C x $ L x approximation can not be used for all x ! 3, a rough approximation is used for the remaining C x values.
The approximations used in PEDEL-AA have minimal effect for ordinary mutations rates, library sizes and epPCR template lengths. Table 2 provides an illustrative example, in which the characteristics of an a-synuclein epPCR library, as estimated by PEDEL-AA and by the Monte Carlo simulations of Volles and Lansbury (23) , are compared. The results are in excellent agreement.
Perhaps the most useful feature of PEDEL-AA is its ability to quickly estimate the total number of unique proteins in an epPCR library. Unlike PEDEL, PEDEL-AA is able to calculate and subtract indel-containing sequences, prematurely truncated variants and DNA sequences with synonymous substitutions from the overall estimate of useful diversity. This offers new and predictive guidelines for the process of library construction. For example, we recently performed epPCR on the 1515 bp purF gene from Escherichia coli (24) . The resulting library contained 6.4 Â 10 5 transformants and the mean mutation rate was 15.5 mutations per (DNA) sequence. PEDEL suggested that this high mutation rate was optimal; that is, at the DNA level, almost every sequence variant was unique. Reanalyzing the data with PEDEL-AA demonstrates that the very high mutation rate has produced a large number of variants with premature stop codons. In this example, the library of 6.4 Â 10 5 unique DNA sequences only encodes 3.9 Â 10 5 full-length, non-wildtype proteins. Comparing the PEDEL and PEDEL-AA outputs for a range of mutation rates suggests that lowering the mutation rate to approximately eight mutations per sequence would have yielded a maximally diverse library, containing 4.3 Â 10 5 useful sequence variants (Figure 1 ). This could have been achieved by lowering the concentration of Mn 2+ ions and/or by decreasing the number of cycles in the epPCR.
In addition to a variety of overall library characteristics, a link from the PEDEL-AA output screen provides the user with an estimate of the amino acid sequence diversity contained in each sub-library (i.e. all of those variants containing exactly x mutations; 0 x 20). This data includes the fraction of the library containing no mutations (the x = 0 sub-library), and also offers an overview of the range of mutations that the experimentalist should expect to observe in their library variants. A second linked page displays two graphs. The first plots the cumulative probability that a given variant is free of stop codons, up to amino acid x. The second plots the length distribution of variants with premature stop codons. These give an A total of 7549 bp of DNA sequence was obtained from randomly chosen library members, and 77 substitutions plus one single-nucleotide deletion were observed. These data were used to construct the nucleotide mutation matrix for PEDEL-AA. The library used for genetic selection experiments contained = 15.5 mutations per sequence; the estimated sequence diversity it contains is indicated by the vertical arrow on the right. The maximally diverse library is indicated by the vertical arrow at = 8. Note that, after peaking, the number of unique amino acid (but not nucleotide) variants decreases with increasing , due to an increasing number of truncated sequences.
instant graphical overview of regions of the template that are particularly prone to yielding truncated variants.
CONCLUSIONS
Previously, we developed GLUE, PEDEL and DRIVeR to aid in designing and analyzing randomized libraries of nucleic acid sequences (4, 8) . Here, we have introduced GLUE-IT and PEDEL-AA. By estimating protein-level statistics, these programmes offer new insights into the usable diversity of translated site-saturation and epPCR libraries. Our algorithms make use of some simplifying assumptions that can be avoided by using Monte Carlo simulation approaches (23) . However, these assumptions have only minor effects under experimental conditions that are usually encountered in library construction. Our analytic approach is much quicker than the Monte Carlo simulation approach (especially for large library sizes), making it more amenable for use via a web server and enabling experimentalists to obtain rapid estimates of library statistics. Comprehensive mathematical notes and instructions for use can be found on the website.
